Reproductive technologies have been often used as a tool in research not strictly connected with developmental biology. In this study, we retrace the experimental routes that have led to the adoption of two reproductive technologies, ICSI and somatic cell nuclear transfer (SCNT), as biological assays to probe the 'functionality' of the genome from dead cells. The structural peculiarities of the spermatozoa nucleus, namely its lower water content and its compact chromatin structure, have made it the preferred cell for these experiments. The studies, primarily focused on mice, have demonstrated an unexpected stability of the spermatozoa nuclei, which retained the capacity to form pronuclei once injected into the oocytes even after severe denaturing agents like acid treatment and high-temperature exposure. These findings inspired further research culminating in the production of mice after ICSI of lyophilized spermatozoa. The demonstrated non-equivalence between cell vitality and nuclear vitality in spermatozoa prompted analogous studies on somatic cells. Somatic cells were treated with the same physical stress applied to spermatozoa and were injected into enucleated sheep oocytes. Despite the presumptive fragile nuclear structure, nuclei from non-viable cells (heat treated) directed early and post-implantation embryonic development on nuclear transfer, resulting in normal offspring. Recently, lyophilized somatic cells used for nuclear transfer have developed into normal embryos. In summary, ICSI and SCNT have been useful tools to prove that alternative strategies for storing banks of non-viable cells are realistic. Finally, the potential application of freeze-dried spermatozoa and cells is also discussed.
Introduction
DNA may be particularly stable under certain conditions. The plant kingdom offers some examples of long-term DNA stability, particularly in seeds. A recent work demonstrated that 2000-year-old date palm (Phoenix dactylifera L.) seeds found in Israel were able to germinate and develop into a normal palm tree (Sallon et al. 2008) .
Seeds acquire the capacity to withstand long periods of quiescence at the end of a developmentally regulated maturation phase that leads to the loss of bulk water from the entire structure. The desiccation tolerance of the seeds has to be primarily ascribed to the progressive accumulation of proteins and sugars which exert their protective function by stabilizing lipids and structural proteins (Hand et al. 2010) .
Nothing comparable in terms of chromatin organization and stability has been described in the animal kingdom. However, molecules -primarily DNA and more recently proteins (Asara et al. 2007 ) -extracted from fossils can be collected and show a good degree of preservation. Indeed, DNA collected from bones of extinct wild animals, like cave bears, wolves, and horses, has been successfully used as a template to amplify short sequences that were then sequenced (Hoelzel 2005) . The development of high-throughput parallel sequencing technologies has given a major impulse to the study of ancient DNA, and full sequences from Neanderthal (Green et al. 2008) and Thylacinus cynocephalus (Miller et al. 2009 ) mtDNA are now available, while the mammoth genome has already been sequenced (Miller et al. 2008) . These data cast some light on the phylogenetic relationships between extinct and existing animal populations and provide unique elements to understand the genetic contribution of Neanderthals to modern humans (Endicott et al. 2010) .
Besides phylogenetic studies, DNA sequences from extinct species are also used to verify whether gene functions have evolved. Particularly interesting in this regard are studies on the melanocortin 1 receptor (MC1R), the gene responsible for melanic polymorphisms, which have been conducted in the mammoth (Rö mpler et al. 2006) and Neanderthals (Lalueza-Fox et al. 2007) . The function of the MC1R gene product was assessed in vitro using cell lines transfected with the plasmid constructed from the sequences amplified from ancient DNA. In another interesting functional study, the activity of the genome of an extinct marsupial, the Tasmanian tiger (T. cynocephalus), was tested by a transgenic approach in which a portion of its genome was brought back to life after 100 years of storage in alcohol (Pask et al. 2008) . Specifically, the transcriptional enhancer element of the pro-a1(II) collagen (Col2a1) gene was isolated from the DNA extracted from 100-year-old thylacine specimens. A construct containing the Col2a1 sequence flanked by the human b-globin basal promoter carrying a lacZ sequence was injected into mouse zygotes (Pask et al. 2008) . Whole mount and histological sections of the transgenic fetuses have demonstrated the expression of the gene construct in the chondrocytes of the developing limbs. Although only a minimal fraction of the T. cynocephalus genome was analyzed, the results of this experiment are very exciting and bring forward the question of whether the whole genome of extinct species might be still functional.
Reproductive technologies as tools to test the functionality of genomes from extinct/dead animals and from non-viable (dead) cells: I -ICSI Reproductive biotechnologies represent a unique, perhaps the only, approach to assess the functionality of genomes from extinct organisms or non-viable (dead) cells.
Assessing the functionality of nuclei of dead cells is a complex task, given that nothing comparable to seeds in terms of DNA conformation and stability exists in animal cells, although some similarities might be found in spermatozoa: 'the mammalian seeds'. During postmeiotic maturation, spermatids undergo global remodeling of their nucleus, which elongates, loses two-thirds of its water (a process reminiscent of seed maturation), and compacts into the typical nuclear structure of spermatozoa (Ward & Zalensky 1996 , Rousseaux et al. 2005 . Not surprisingly, then, the first attempts to explore the 'functionality' of genomes of non-viable cells were conducted using spermatozoa.
Mature spermatozoa may be considered a sort of 'resistance' cell, since they might be able to fertilize an egg after having spent several days in the female reproductive tract. Moreover, their potential to participate in embryogenesis is not lost when the sperm cells die. The first report about using non-viable spermatozoa for fertilization was published by Goto et al. (1990) . In that study, bull spermatozoa were deliberately killed by several cycles of freezing and thawing without cryoprotection and then injected into metaphase II oocytes. Although only few of the injected oocytes developed into blastocysts (8%), two normal calves were born following transfer of such embryos into recipient cows. In a more recent work, testicular spermatozoa retrieved from male mice (BALB/c nude and C3H/He strains) that were stored in mechanical freezers (K15 8C) for 15 years were able to produce normal offspring after ICSI, confirming the nuclear stability of spermatozoa ( Fig. 1 ; Ogonuki et al. 2006) .
The stability of the mammalian spermatozoon nucleus was thoroughly investigated by Yanagimachi's group, who demonstrated that the ability to form pronuclei is not lost after different physical or chemical treatments, such as exposure to 90 8C for 30 min, 20 days in 100% ethanol or Carnoy's fixative, or freeze-drying (i.e. lyophilization; Katayose et al. 1992 , Yanagimachi 1994 . A few years later, the same group announced the birth of normal pups by injecting lyophilized spermatozoa, which were stored for 6 months and transported from Japan to Hawaii, into mouse eggs (Wakayama & Yanagimachi 1998) .
The mechanical and osmotic stress due to freezing and drying damages the spermatozoon membrane (including the acrosome), resulting in cell death and motility loss. However, the lack of motility is no longer an obstacle to fertilization, since the microinjection of spermatozoa into oocytes is now routinely performed in many embryological laboratories. Moreover, the acrosomal loss might turn out to be a positive factor, since it appears that its presence exerts a negative effect on ICSI outcome (Morozumi et al. 2005 . Conversely, the nuclear compartment of lyophilized spermatozoa is not affected by freeze-drying and re-hydration, as indicated by the observation that chromosomal abnormalities of blastocyst-stage embryos derived from freeze-dried sperm are comparable to those of mouse embryos obtained using fresh sperm (Kusakabe et al. 2001 (Kusakabe et al. , 2008 . Since the first reports, many laboratories are working toward the optimization of protocols for freeze-drying spermatozoa (Kaneko et al. 2003a (Kaneko et al. , 2003b . The possibility of using non-viable spermatozoa for fertilization thus represents a milestone for reproductive technology and has many potential applications that go well beyond the storage of sperm of extinct/endangered species:
1) The freezing of the whole animal (mouse) and even better the isolation and freezing of testes and epididymides are simple procedures, which can be carried out in most laboratories or even in the field. This would be a valuable precaution taken when highly valuable male animals die. Indeed, spermatozoa could easily be isolated from frozen gonads and used for inseminating oocytes to maintain the genetic line. 2) Mouse strains resistant to conventional sperm freezing might be stored by freeze-drying their spermatozoa. For instance, C57BL/6 mice are commonly used as the standard mouse strain for genetic studies; however, their spermatozoa are very sensitive to freezing/ thawing (Nishizono et al. 2004) . The use of freezedried spermatozoa for ICSI-assisted fertilization could overcome the problem. Moreover, the establishment of banks of frozen or better freeze-dried spermatozoa (Ward et al. 2003) would be a cost-effective approach for the storage of transgenic and mutant mouse lines, instead of continuous breeding to maintain a livestock. Lyophilized sperm might also be easily and safely transported anywhere at a very low cost (Kawase et al. 2007 ). 3) Non-viable spermatozoa might also be useful for producing transgenic animals. Several studies have shown that killing the spermatozoa by repeated cycles of freezing and thawing before incubation with plasmid DNA standardizes and improves the production of transgenic animals (Wu et al. 2009 ), probably by increasing the stickiness of the DNA vector to damaged membranes.
So far, freeze-dried spermatozoa have been used to generate embryos from a wide range of species, including mice (Wakayama & Yanagimachi 1998) , rats (Hirabayashi et al. 2005) , rabbits (Liu et al. 2004) , dogs (Watanabe et al. 2009 ), cattle (Martins et al. 2007 , Abdalla et al. 2009a , 2009b , pigs (Nakai et al. 2007) , primates (Sánchez-Partida et al. 2008) , marsupials (Czarny et al. 2009 ), humans (Kusakabe et al. 2008) , and fish (Poleo et al. 2005) . Although most of these papers do not report the birth of animals from freezedried spermatozoa, they indicate the wide interest on alternative storage methods for spermatozoa, including human sperm (A Arav 2011, personal communication).
Freeze-drying is a powerful tool for bio-banking sperm from different species, but storing male gametes is only an unbalanced approach to preserve genetic stocks. Storing oocytes in a dry, lyophilized state appears an unlikely task at the moment; therefore, the storage of sperm cells only would offer limited advantages for the establishment of genetic banks. Somatic cells have been used as a nuclei donor for nuclear transfer, and the resulting embryos have developed into a normal individual (Wilmut et al. 1997) ; therefore, an alternative option might be to store lyophilized somatic cells.
Reproductive technologies as a tool to test the functionality of genomes from extinct animal species and from non-viable cells: II -somatic cell nuclear transfer Following the demonstration of the extreme resistance of DNA in male gametes, a number of studies to address nuclear stability in somatic cells were conducted. Sheep granulosa cells and fibroblasts were exposed to physical (75-90 8C for 15 min-1 h) or chemical stress (fixation in 100% ethanol for 24 h). Both treatments resulted in the immediate loss of cell viability as demonstrated by trypan blue exclusion text. However, the nuclei of such heat-treated and fixed cells could form pronuclei after transferring into enucleated sheep oocytes, although the further fate of the reconstructed embryos was different. After transferring, nuclei from ethanol-fixed cells formed pronuclei, underwent several rounds of DNA replication without cleavage, and embryo development was arrested. Several nuclei, often with irregular shape, were found in the uncleaved oocytes (P Loi 1999, unpublished observations). Our interpretation was that critical protein component(s) of the centrosome, which is the microtubule assembly center, were irreversibly denatured by the fixative. Conversely, heat-treated donor nuclei were capable of directing early embryonic development following nuclear transfer. Altogether, these results demonstrate that the chromatin of interphase nuclei is quite resistant to physical stress.
Soon after, non-viable somatic cells were recovered postmortem from a female mouflon and injected into enucleated sheep oocytes generating, for the first time ever, a wild animal cloned from a non-viable somatic cell (Loi et al. 2001) . These findings demonstrated beyond any doubt that cell viability is not related to nuclear viability, as already established in spermatozoa, and prompted further investigation on the developmental potential of nuclei from dead somatic cells.
Heat-treated granulosa cells were heated at 50 and 75 8C for 30 min before nuclear transfer in a pilot study conducted to see whether a thermal destabilization of the DNA-associated proteins improves nuclear reprogramming. Such cells were obviously killed by the heat shock, but their nuclei retained the capacity to be reprogrammed and many embryos reconstructed with these nuclei reached the blastocyst stage and developed to term (Loi et al. 2002) .
Since these first reports, other work on the use of nonliving cells has been published on mice (Fulka et al. 2009 ), one of which of particular interest is Wakayama et al. (2008) . In this study, nuclei isolated from several tissues, including brain, were harvested from mouse carcasses that had been frozen without any cryoprotectant and stored in a mechanical freezer at K20 8C for 16 years. Nuclei, localized by Hoechst 33342 staining, were mechanically dissociated from the tissues and injected into enucleated oocytes. The reconstructed embryos started to cleave and healthy mice were produced. Moreover, from some blastocysts, stem cell lines were established. Paradoxically, frozen/thawed somatic cells, particularly neurons, were better 'reprogrammable' than fresh cells. Whereas fresh, viable neurons never underwent a level of nuclear reprogramming compatible with full-term embryo development, those taken from frozen bodies did, suggesting that a mild denaturation of the DNA-associated proteins might facilitate reprogramming. But the surprising finding of this study is the very long time of storage of the donor cells in a conventional freezer before nuclear transfer (Wakayama et al. 2010) .
Once the suitability of non-living cells for cloning was established, the first trials to lyophilize somatic cells began. First, the same medium and conditions used for the lyophilization of spermatozoa were tested. However, enucleated oocytes reconstructed with freeze-dried cell nuclei (granulosa cells) formed irregular pronuclei, the DNA of which was evidently damaged. These findings clearly indicate that the structure of interphase somatic cells, their water content, intracellular compartments, and particularly their chromatin structure are much more vulnerable than spermatozoa to freeze-drying.
Organisms like tardigrades, which survive in the absence of water, can 'sense' the reduction of water in the environment and activate specific genes that lead to the accumulation of a simple sugar, threalose, in the cytoplasm (Crowe et al. 1985) . The threalose interacts with membrane lipids and structural proteins forming a stable matrix, which protects the cells during the desiccation period (Crowe et al. 1985) . On the basis of these observations, we adjusted our lyophilization protocol by adding threalose to the freezing medium. Sheep granulosa cells were thus lyophilized and stored in glass vials inside a box on the bench until use. Normal pre-implantation embryos were obtained using donor nuclei from cells lyophilized in the presence of threalose and the work culminated in the production of the first blastocysts by nuclear transfer of freeze-dried granulosa cells (Loi et al. 2008) . The rate of blastocyst formation was reduced in embryos reconstructed with nuclei from freeze-dried cells, indicating the presence of some DNA damage as a consequence of the freeze-drying process. This finding was in part expected, given the radically different organization and water content of interphase somatic cells in comparison to spermatozoa. However, considering the proportion of damaged nuclei, the number of blastocysts was higher than expected, suggesting that at least part of the DNA damage was repaired by the oocyte. Besides sheep, the demonstration that lyophilized nuclei are developmentally competent once injected into enucleated oocytes has also been reported in mice (Ono et al. 2008) and pigs (Das et al. 2010 ).
Summary and conclusions
The possibilities offered by the use of non-living, lyophilized spermatozoa for fertilization and of lyophilized somatic cells for cloning are many and all are important.
Last year, 2010, was declared the Year of Biodiversity by the United Nations. The initiative was taken to warn about the increasing rate of species extinctions worldwide. This is both a political and a scientific issue, and although no serious measures have been implemented to cope with biodiversity loss, bio-banks of seeds and cell lines are being established in several centers. Some of them are private, but non-profitable, charitable foundations that have also started to collect and store deep-frozen tissues, cells, gametes, and embryos from thousands of endangered animals (http://www. frozenark.org). Cells are collected with the aim of using them for cloning to re-establish or expand endangered wild and/or domestic animals. They are normally stored in liquid nitrogen, a reliable and straightforward system, which, however, is very expensive in the long term. Conversely, freeze-dried cells could be stored at room temperature, which made the establishment of large genetic banks simplified and more affordable. Moreover, freeze-dried spermatozoa and cells can be shipped worldwide by mail, facilitating the exchange of mice or other (normal or transgenic) animal stocks.
The advantages of using freeze-dried cells and thus non-living genomes are clear, but there are several issues that need to be addressed before giving the green light to freeze-drying for the storage of spermatozoa and somatic cells for reproductive purposes. First of all, it is imperative to demonstrate that blastocysts derived from nuclear transfer of freeze-dried somatic cells can develop into live offspring. Secondly, with the exception of a theoretical simulation (Kawase et al. 2005) , nothing is known about the long-term stability of DNA in spermatozoa and cells in the absence of water. Published reports indicate that the nuclear viability of freeze-dried cells is not lost after 5 years of storage (Loi et al. 2008) while unpublished data suggest that lyophilized cells maintain the developmental potential they showed immediately after freeze-drying even after 8 years of storage (P Loi, unpublished observations). However, as for spermatozoa, longer maintenance of the developmental potential of freeze-dried somatic cells can be realistically expected, given the organization of their nucleus. Ionizing radiations are a potential problem for their genome, but this might be conveniently avoided by properly shielding the place where such cells are stored. A third, but not less relevant, issue is the effects of freeze-drying on the fitness and behavior of offspring produced by ICSI or nuclear transfer of lyophilized spermatozoa/somatic cells, including long-term and trans-generational effects. The long-term effects of storing dry genomes should be assessed using suitable animal models, such as the mouse, especially for transgenerational studies.
The knowledge acquired by assessing the effects of freeze-drying on spermatozoa/somatic cells is not useful only for scientists working in the field of reproductive biology. Inspired by the demonstration that chromosomes can tolerate complete desiccation, cryobiologists challenged the conventional freezing protocols, demonstrating that human cord blood stem cells can be freeze-dried, stored, and re-activated on rehydration (Natan et al. 2009 ). These results were met with scepticism, for it was considered unlikely that nucleated cells could be stored lyophilized. Now the work has been successfully reproduced in a very elegant and controlled experiment, in which human hematopoietic stem and progenitor bone marrow mesenchymal cells maintained their clonogenic potential after lyophilization and 4-week storage at 25 8C (Buchanan et al. 2010) .
In conclusion, the demonstration that male gametes and somatic cells can be stored after lyophilization has tremendous potential for collecting genetic resources for the most disparate purposes such as biodiversity preservation, therapy (stem cells), farm animal breeding, and basic research. Highly valuable deceased animals, either due to their genetic background or because they belonged to endangered species, might thus be recreated using nuclear transfer, if an effective and side effect-free somatic cell nuclear transfer was available. As a proof of principle, an extinct wild goat, the bucardo, has been cloned from frozen fibroblasts isolated from skin biopsies taken from the last survivor, a female that died in 1999 (Folch et al. 2009 ). Certainly, there is a time limit for recreating deceased animals, which at the moment can be stored only using conventional systems. However, reproductive biologists enjoy challenges.
This attitude finds confirmation in a paper describing preliminary procedures to clone a baby mammoth found in the Siberian permafrost (Kato et al. 2009 ). The first surprise of the paper is that nuclei were still retrievable from the leg tissue of a 15 000-year-old mammoth (Fig. 2) ; the second is that mammoth bone marrow nuclei were still able to form pronuclei (in almost 50% of the cases, Fig. 3 ) once injected into enucleated mouse oocytes (Kato et al. 2009 ). The paper does not provide further essential information, such as whether DNA synthesis did restart in the reconstructed hybrid mouse/mammoth embryos, to evaluate the functionality of the non-living genome; nonetheless, the fact that a 15 000-year-old DNA is recognized by and responds to the oocyte remodeling molecules is truly remarkable.
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